We have studied the wild type and two variants of the glucocorticoid receptor DNA-binding domain (GRDBD): in one variant the three residues (the 'P-box' in GRDBD) that are essential for the discrimination between GREH and EREH are mutated to those in the estrogen receptor DBD (GRDBD ega ) and the other variant is a point mutation of one P-box residue, Ser459Gly (GRDBD ggv ). Molecular dynamics simulations (0.5-0.7 ns) have been performed on the GRDBDs, free in solution as well as in complex with the half-site response elements of the glucocorticoid (GREH) and estrogen (EREH) receptors. The residues which are central when forming the protein dimer interface in GRE-(GRDBD) 2 (the 'D-box') were found to have different conformations in the different GRDBD-DNA complexes. This is consistent with experimental results showing that the cooperativity of dimeric GRDBD binding to DNA strongly depends on both the response element and the P-box residues. In our simulations the structures of GREH-GRDBD gsv (i.e. wild-type) and GREH-GRDBD ggv were more similar to each other than to the respective GRDBDs bound to EREH. This is due to a thymine methyl group which is present in the major groove of the GREH and prevents the first zinc coordinating subdomain in GRDBD to approach GREH, but which is absent in EREH. Thus, EREH-GRDBD is able to respond more to the Ser459Gly mutation than GREH-GRDBD.
Introduction
For a proper regulation of gene transcription it is crucial that the members within a family of transcription factors are able to distinguish between the similar, but distinct DNA sequences (response elements) to which they bind upon activation. The members of the steroid/thyroid receptor family are activated by steroid hormones, retinoids and vitamin D 3 (for reviews, see Beato, 1989; Truss and Beato, 1993) , and recognize one or the other of the hexameric, consensus base sequences TGTTCT or TGACCT (for recent reviews, see Truss and Beato, 1993; Tsai and O'Malley, 1994) . The glucocorticoid (GR) and estrogen (ER) receptors bind as dimers with their DNA-binding domains (DBD) to their specific response elements. These consist of two invertedly repeated, partially palindromic half-sites with a spacing of three nucleotides between the half-sites, which are TGTTCT for GR and TGACCT for ER (Figure 1) . A detailed understanding of how these half-sites are discriminated by the respective DBDs has high biological relevance, since the discriminating mechanisms are likely to be applicable to the whole receptor family.
Mutagenesis experiments (Danielsen et al., 1989; Mader et al., 1989; Umesono and Evans, 1989; Zilliacus et al., 1991 Zilliacus et al., , 1992 reveal that three residues in GRDBD and ERDBD are most important for the discrimination between their respective response elements, GRE and ERE. In GRDBD, these three residues [the 'P-box' (Umesono and Evans, 1989) , see Figure  1 ] are Gly458, Ser459 and Val462, and the corresponding residues in the ERDBD are Glu458, Gly459 and Ala462 ( Figure 1) . A triple mutation of these residues is sufficient to switch the specificity of recognition between ERE and GRE (reviewed in Zilliacus et al., 1995a) . The residues are located in the recognition helix (helix I , see Figure 1 for notations of the subdomains in GRDBD), which is inserted into two successive major grooves on one side of the DNA in the GRE-(GRDBD) 2 -complex (Luisi et al., 1991) . Val462 contributes positively to binding to the correct response element (GRE) and negatively to the incorrect response element (ERE) (Zilliacus et al., 1992) . This dual function of Val462 is due to the favorable, hydrophobic interaction between the side chain of Val462 and the methyl group of T5 (Luisi et al., 1991; Figure 2) , which is replaced by less favorable, hydrophobichydrophilic contacts when T5 is replaced by A5 in ERE. Ala462 interacts negatively with GRE in synergism with Glu458 and positively in synergism with Gly458, but a corresponding negative synergism when associating Ala462 with ERE was not revealed, according to quantitative structureaffinity relationship (QSAR) models (Zilliacus et al., 1992) . Glu458 in ERDBD has a similar dual function as Val462, in that it contributes positively to response elements containing C6 (such as ERE) but negatively if the response element contains T6 (like GRE) (Zilliacus et al., 1992) . In the crystal structure of the ERE-(ERDBD) 2 complex ) the side chain of Glu458 forms a direct hydrogen bond with C6-N4 (Figure 2) , as well as a number of water-mediated DNA contacts. A replacement of C6 with T6 results in steric conflicts with the methyl group (Zilliacus et al., 1995b) , preventing the side chain of Glu458 from interacting properly with the DNA. Gly458 has opposite effects upon association with GRE and ERE, respectively, and it has been shown that the Gly/Glu458 pair is unique with respect to discriminating power between the two response elements that cannot be established with any other amino acids . The structural reason for the discriminating power of the Pbox residues is least apparent for Ser/Gly459. This is because residue 459 does not directly contact the DNA, neither in ERE-(ERDBD) 2 (as a glycine) nor in GRE-(GRDBD) 2 (as a serine, see Figure 2 ). The role of Ser459 in GRDBD also turns out to be different from that of the two other P-box residues, since the Ser459Gly mutation increases the affinity for binding to both GRE and ERE, for all combinations of GR and ER specific P-box residues (Zilliacus et al., 1992) . From QSAR . The residues within white squares are most important for the discrimination between GRE and ERE [the 'P-box' (Umesono and Evans, 1989) ]. The corresponding P-box residues for the estrogen receptor DBD are shown above the squares. Abbreviations of fragments and secondary structural elements: Zn I and Zn II , first (N-terminal) and second zinc coordinating subdomains; helix I and helix III , first and second major α-helical subdomains; ext I and ext II , first and second extended regions and helix II is a short, distorted helix in the Zn II region. (Bottom) Base sequences and base pair numbering of the DNA, present in the MD simulations of the GRDBD-DNA complexes. Bases within the gray boxes correspond to the (consensus) hexameric half-sites that recognize GR (GREH) and ER (EREH) and bases within the white box differ between the response elements. Base-specific (direct) interactions at the protein-DNA interfaces of GRE S4 -DBD spec (Luisi et al., 1991) and (right) of ERE-ERDBD . The van der Waals interacting methyl groups in GRE S4 -DBD spec are shown as spheres. The position of Ser459 is shown, since that residue also belongs to the P-box (Umesono and Evans, 1989) . models it was suggested that Ser459 was negatively associated with several GRE and ERE specific bases (Zilliacus et al., 1992) . In the context of a GRDBD mutant, where all P-box residues have been mutated to those in ERDBD (GRDBD ega ), the Gly459Ser mutation reduces the affinity to ERE to a much greater extent than to GRE. Ser459 thus contributes to the specificity by interacting most negatively with the incorrect response element (ERE) (Zilliacus et al., 1992) ; a price that is paid in the GRDBD-GRE interaction to enhance the discriminating power between GRE and ERE. The hydroxyl group of Ser459 seems to play the major inhibitory role for ERE. This is because mutation of this residue to threonine or cysteine, which contain the hydrogen-donating hydroxyl and thiol groups, respectively, retained the low affinity to ERE, whereas binding to ERE was allowed for alanine .
GRDBD binds cooperatively as a dimer to its response 590 element and the monomers contact each other mainly through the loop between Cys476 and Cys482 [the 'D-box' (Umesono and Evans, 1989) , see Figure 1 ]. Symmetric pairs of salt bridges are formed between the side chains of Asp481 and Arg479, a pair of backbone contacts are formed between Ala477 and Ile483 and the side chains Leu475 and Ile487 are in van der Waals contact with each other (Luisi et al., 1991) . Quantitative measurements of association constants and cooperativity parameters from fluorescence spectroscopy (Lundbäck et al., 1994) , yielded a cooperativity parameter of 10 for the formation of GRE-(GRDBD) 2 and when the response element was changed to ERE, the complex was formed noncooperatively. Further, when all three residues in the P-box were mutated to those of ERDBD (GRDBD ega ), a cooperativity parameter of 121 was estimated (Lundbäck et al., 1994) when binding to ERE.
Previously , we investigated how different response elements affect the stability and cooperativity in complex with wild-type GRDBD, using molecular dynamics (MD) simulations and free energy perturbation calculations. Herein, we present a detailed investigation of the structural effects of the P-box residues on GRDBD in complex with GRE and ERE, focusing on Ser/Gly459. We have run 0.5-0.7 ns MD simulations of (Table I) : (i) wild type GRDBD (GRDBD gsv ) bound to the half site response elements of GR and ER (GREH and EREH, respectively). (ii) GRDBD, where Ser459 has been mutated to a glycine (GRDBD ggv ) in complex with GREH and EREH. (iii) The triple mutant, Gly458Glu, Ser459Gly and Val462Ala (GRDBD ega ) in complex with EREH. As a reference, we have run 500 ps simulations of the free proteins GRDBD gsv , GRDBD ggv and GRDBD ega . The main structural difference between the various protein-DNA complexes is the orientation of the D-box residues, which might account for the different cooperativity of binding. Moreover, we find that the structural changes induced by the Ser459Gly mutation are larger when binding to EREH than to GREH, and we propose an explanation for this based on the different protein-DNA interactions.
Materials and methods

Parameters and protocols
All simulations were performed with the program CHARMM , version 25 and the all atom version 22 force field (MacKerell et al., 1995; Chemistry Department, Harvard University, Cambridge, MA) . Force field parameters for the zinc ions were obtained by using MNDO (Dewar and Merz, 1986; Dewar and Thiel, 1977) /ESP (Besler et al., 1990) calculations with the program package MOPAC (Steward, 1990) . For further details regarding the parameterization of zinc and its coordinating Cys-Sγ and -Cβ, see . The simulations were performed with non-bonded interactions cut off by shifting ) the electrostatic potential to zero at 10 Å. The non-bonded list including neighboring atoms within a 11 Å distance was updated every 40 fs and a time step of 2 fs was used. All covalent bonds were constrained with the SHAKE algorithm (Ryckaert et al., 1977) . Setup and equilibration of the systems As a starting structure, we chose the last structure from our previous 150 ps MD-simulation of GRE S4 -(GRDBD) 2 , which in turn starts with the crystal structure of the same complex (Luisi et al., 1991) (PDB-entry; 1GLU). [In the 2.9 Å crystal structure (Luisi et al., 1991) of GRE S4 -(GRDBD) 2 the spacing between the half-sites is four, i.e. one more that in the natural GRE. Because of this extra base pair spacing (GRE S4 ), one GRDBD (GRDBD unspec ) is out of register by one base pair, resulting in a non-specific binding to the DNA, whereas the other GRDBD (GRDBD spec ) is believed to bind as in the native GRE S3 -(GRDBD) 2 complex.] After removing the non-specifically bound GRDBD and the GRE half-site bound to it, the remaining 10 base pairs (GREH, see Figure 1 ) together with the specifically bound GRDBD* were centered in a sphere of 30 Å radius. Water molecules and counterions (Na ϩ ) outside the sphere were removed and empty space was filled with water from a sphere of equilibrated TIP3P water (Jorgensen et al., 1983) . To make the system electroneutral, additional counterions were added by replacing the water molecules with the highest electrostatic energy with sodium ions. The water and counterions were equilibrated for 50 ps, keeping the DNA and GRDBD rigid. To prevent the water molecules from escaping the sphere, they interacted with a 'deformable boundary force', arising from mean field interactions of fictitious water molecules beyond 30 Å . The water molecules interacted with a stochastic heat bath of 300 K in the region between 27 and 30 Å (the buffer region), via randomly fluctuating forces and dissipative forces . The EREH-GRDBD gsv complex was constructed from the above equilibrated system by replacing the atoms in TA5, TA6 in GREH with the corresponding atoms in AT5 and CG6 in EREH. Only atoms that are not common to the two base pairs were replaced. This system was energy minimized for 100 steps, using the Adopted Basis Newton-Raphson method within the CHARMM program . Overlapping water molecules were removed, empty spaces were filled with water and another cycle of 100 steps of energy minimization was performed. Thereafter the water and ions were equilibrated for 50 ps, keeping the protein and DNA atoms rigid. We constructed the GRDBD ggv mutants from the above respective complexes (with equilibrated water and ions), by removing the Ser459 side chain, replacing it with a hydrogen atom and performing a subsequent, short energy minimization. Finally, the ERE-GRDBD ega complex was created from ERE-GRDBD gsv , with equilibrated water and ions. The three P-box residues were replaced, overlapping water molecules removed and empty space filled with water. After 200 steps of energy minimization and a subsequent 20 ps equilibration of the surrounding water and ions (rigid ERE-GRDBD ega ), one more counterion was added (because of the Gly458Glu replacement) and the system 591 was further equilibrated for 50 ps, keeping ERE-GRDBD ega rigid.
In all simulations, we released the DNA/protein atoms, but kept the first and last DNA base pair in position with harmonic constraints [force constant, 10 kcal/(mol Å 2 )]. This was done to prevent the relative short DNA fragment from unwinding during the simulations and to maintain the base-pairing of the bases at the ends of the DNA, which have an artificially high solvent exposure due to the small size of our model system. In order to decide when to start the analysis of the trajectories, the r.m.s.d. from the starting structure with time was followed for the non-hydrogen DNA atoms and the GRDBD backbone. When these curves have flattened out, we started the analysis and the simulations were run for 500-700 ps (see Table I ).
For the free GRDBD monomers, we started the GRDBD gsv simulation from the previous 250 ps simulation of GRDBD spec , in a 30 Å radius sphere of TIP3P water and with four chloride counterions. This simulation was prolonged with 500 ps (Table I) . Ser459 was substituted with a glycine (in the same starting structure as in the GRDBD gsv simulation) to obtain GRDBD ggv , which was energy minimized and simulated for 500 ps. GRDBD ega was also obtained from the same starting structure as above, but without water and counterions, by a replacement of all P-box residues. The protein was immersed in a 30 Å radius sphere of TIP3P water, and equilibrated with rigid GRDBD ega for 40 ps. Three counterions were added by replacing the water molecules with the lowest electrostatic energy with chloride ions, followed by another 40 ps of equilibration. The protein atoms were released and the system was simulated for 500 ps (Table I) .
Results
We start this section by comparing the structure, focusing on the residues around Ser/Gly459 in the GRDBDs, and protein-DNA interaction energies in the different DNA-GRDBD complexes. The DNA structures, analyzed with the program 'Dials and Windows' (Ravishanker et al., 1989) , are very similar to each other and only apparent differences will be presented in their context. We then continue with a brief description of the flexibility in GRDBD, followed by the results from the simulations of the free GRDBDs.
GREH-GRDBD gsv versus EREH-GRDBD gsv
The most apparent structural difference in these complexes (black and green, respectively, in Figure 3 ) is found at the C-terminal end of helix I , which has moved deeper into the DNA major groove when bound to EREH. This slightly distorts the helix and pulls the residues in the adjacent ext I - Figure 4 ), we also find large differences for the side chains of residues that in the natural dimeric protein-DNA complex participate in protein-protein interactions. Leu475 is in van der Waals contact with Ile487 of the other GRDBD (Luisi et al., 1991) and there is a salt bridge between the side chains of Arg479 and Asp481 in the dimeric complex (Luisi et al., 1991) . Most of these residues differ considerably in orientation and/or in position between the two complexes ( Figure 5, top) . The DNA structures are very similar, except for a 15°reduction of the propeller twist for the base pairs 5 and 6, which probably is due to the lost contact between the methyl groups of T5 and Val462, when T5 in GREH is replaced with A5 in EREH.
Ser459 is central in a network of direct and water mediated 592 hydrogen bonds that connect different subdomains of the protein in GREH-GRDBD gsv ; Ser459-O γ connects directly to Cys457 and through a water bridge to the charged side chain of Asp445 (see Figure 6 ). Ser459-O γ is also close to the side chains of Arg489 (3.1 Å) and Arg496 (3.0 Å), albeit not hydrogen bonded, since the angle criterion for a hydrogen bond (i.e. the angle D-H···A Ͼ 135°, where A and D are the hydrogen donor and acceptor, respectively) is not fulfilled. Further, the Ser459 side chain (C β ) is in van der Waals contact with the G4 sugar ring in DNA. The mentioned residues are in turn hydrogen bonded to the DNA or to other residues ( Figure 6 ) that are all highly conserved within the family of nuclear hormone receptors (Laudet et al., 1992) . Focusing on the network around Ser459 (black in Figure 6 , top) and EREH (black in Figure 6 , middle) we observe relatively small changes. The base T5 (in GREH) was changed to an adenine (in EREH), which enables a rather stable, bifurcated water bridge to form between the backbone carbonyl group of Gly458 and atoms N6 and N7 of A5 (Table II) . This arrangement is also observed in the crystal structure of ERE-(ERDBD) 2 . Moreover, Lys465-N ξ forms a strong hydrogen bond (Table III) to the DNA backbone in EREH-GRDBD gsv , which seems to be possible through a rotation of a phosphate group rather than a displacement of Lys465, compared with GREH-GRDBD gsv . The ε/ζ dihedral angles (ε is the dihedral P-O 3 '-C 3 '-C 4 ' and ζ is O 5 '-P-O 3 '-C 3 ') of G7 have changed from 257°/177°in GREH to 197°/ 269°in EREH (Figure 7 ) and the sugar pucker of the base A8 changes from C 2Ј -endo (GREH) to C 3Ј -endo (EREH). Notably, Lys465 is deeply involved in the DNA-binding of ERE-(ERDBD) 2 , with both direct and water mediated contacts to the DNA bases , whereas it does not contact the bases at all in GRE S4 -(GRDBD) 2 (Luisi et al., 1991) . Apart from the above mentioned differences, the contacts at the GRDBD-DNA interfaces are very similar in the two complexes (Tables II and III) . The interaction energy between GRDBD gsv and GREH (Figure 8 and Table IV) is about 20 kcal/mol lower than between GRDBD gsv and EREH and the difference is due to a stronger electrostatic energy, moderated by a slightly weaker van der Waals energy in the latter complex. The difference in electrostatic energy is mainly due to a stronger interaction of Lys465 with EREH than with GREH.
GREH-GRDBD ggv versus GREH-GRDBD gsv
The Ser459Gly mutation affects the GRDBD structure relative to DNA to different extents in almost every part of the protein, as seen when comparing the structures, aligned to fit GREH as close as possible (black and red in Figure 3 and black bars in Figure 9 , top). The Zn I -region has moved concertedly about 1.5 Å towards the DNA and the D-box residues have translated about 2 Å towards helix II . Also here, we find changes in the orientations of the residues which are important for forming the dimeric interface ( Figure 5, bottom) . If we instead align the GRDBD backbones (black bars in Figure 9 , bottom and Figure 3 middle, right), we observe smaller structural changes, albeit somewhat more pronounced for the D-box residues. Thus, the major overall structural change can be attributed to a rotation of the entire GRDBD fragment towards the side of DNA which is closest to the N-terminal of helix I . Focusing on the network around Ser459 (Figure 6 , top), Asp445 and Lys486 (which are hydrogen bonded to each other) are approaching the DNA with about 0.5 Å. There is also an (Table II) . GRDBD ggv -GREH have a weaker (about 26 kcal/mol) GRDBD-DNA interaction energy than GRDBD gsv -GREH (Table IV) and the difference is entirely electrostatic.
EREH-GRDBD ggv versus EREH-GRDBD gsv
The structural changes (green and yellow in Figure 3 and lighter bars in Figure 9 , top) are overall similar to those found between GRDBD gsv and GRDBD ggv in complex with GREH. However, the changes are more pronounced, as is seen by a further displacement of the N-terminal Zn I -region and of the entire Zn II -region. The displacement of the Zn I -region slightly extends the short, distorted helix II mainly through the strong hydrogen bond between the side chains of Asp445 and Lys486, present in all simulations. We also observe that the C-terminal of helix I , which was somewhat distorted in EREH-GRDBD gsv , has straightened out in EREH-GRDBD ggv . Aligning the GRDBD backbones, the r.m.s.d. values are reduced (Figure 9 , bottom, lighter bars), but to a lesser extent than for the GRDBDs bound to GREH. In addition to the rotation of GRDBD relative to DNA as above, a remaining internal structural change is revealed, predominantly for residues in the Zn I region and in the D-box (Figure 3 middle, right) . The same rotation of the G7 phosphate group and sugar repuckering of A8, that enabled Lys465 to contact DNA (see Figure 7) in EREH-GRDBD gsv , is also seen in EREH-GRDBD ggv . Focusing around Ser459 (Figure 6 , middle), Asp445 has now moved considerably (2 Å) closer to the DNA, and its side chain forms a rather stable water bridge to DNA (Table II) , which also connects to Gly458-N and Gly459-N. Further, Lys486 contacts DNA backbone through a strong hydrogen bond and Gly458 is about 1 Å closer to EREH in GRDBD ggv . The only lost water mediated contact is a bifurcated water bridge between Arg489-O, Arg496-N η1 and the phosphate group of T3, which is a consequence of a displacement of the Arg489 backbone away from the phosphate group of T3. We also observe an increase (about 33 kcal/mol) in the electrostatic contribution to the protein-DNA interaction energy for EREH-GRDBD ggv compared with EREH-GRDBD gsv (Table IV) . (Luisi et al., 1991) . 
EREH-GRDBD ega versus EREH-GRDBD gsv
The structural changes (white and green Figure 3 ) are similar, but more pronounced than in EREH-GRDBD ggv . Most affected by the mutations are the residues in the D-box region, with r.m.s.d. values from EREH-GRDBD gsv as large as 6 Å ( Figure  10 , black bars). The recognition helix (helix I ) has also slightly changed its orientation, with its N-terminal closer, and the Cterminal further from of the DNA major groove. This is probably due to the reduced size of the side chain in the Val462Ala mutation, enabling an approach of the N-terminal of helix I . The internal changes in the structure when going from EREH-GRDBD gsv to EREH-GRDBD ega , as revealed by the r.m.s.d. values with aligned backbones (Figure 10 , lighter bars) are rather similar to those of EREH-GRDBD ggv compared with EREH-GRDBD gsv , with a slightly pronounced maximum for the D-box residues. Cys457, Glu458, Asp445 and Lys486 have moved about 2 Å towards the DNA complex (Figure 6 , bottom). The arginines 489 and 496 have also moved closer to Gly459 to fill the space that was occupied by the Ser459 side chain. In contrast to EREH-GRDBD ggv , Gly459 has also moved towards DNA, which is made possible since the methyl groups of Val462 (which is spatially close to residue 459) are removed when this residue is replaced by an alanine. Asp445 forms a water mediated contact with the DNA backbone, as was also found in EREH-GRDBD ggv but not in EREH-GRDBD gsv (Table II) . Though the side chain of Lys486 has approached (~1 Å) DNA, it is still not close enough to form a hydrogen bond as in EREH-GRDBD ggv . Glu458 forms a network of direct and water mediated contacts with the DNA (Tables II and III) which is very similar to that found in the ERE-(ERDBD) 2 crystal structure . Also for GRDBD ega -EREH, we observe the same rotation of the G7 phosphate group, that enabled the hydrogen bond with the Lys465 side chain in EREH-GRDBD gsv , as well as the repuckering of the A8 sugar ring. The protein-DNA interactions are weakened with about 55 kcal/mol in GRDBD ega -EREH compared with GRDBD ggv -EREH (Table VI) , and the strength is similar to the GRDBD gsv -GREH interface. Apparently, the number of lost protein-DNA contacts, especially in the Zn IIregion of GRDBD ega (Table II and III) , results in an overall weakening of the interaction energy at the interface.
GRDBD flexibility in the DNA complexes
The GRDBD flexibility (in terms of mean square fluctuations around the average structure for the production time) of the three complexes is limited and uniform (around 0.6 Å 2 ) along the backbone. However, a slight increase (~1 Å 2 ) is observed for the ext I -region and the residues in the D-box and the ext II -region is rather flexible (1-2 Å 2 ). This limited and rather uniform flexibility has also been observed in NMR-relaxation experiments (Berglund et al., 1992; Eriksson et al., 1993) and in an MDsimulation (Eriksson et al., 1993) of free, monomeric GRDBD as well as in an MD-simulation of GRE S4 -(GRDBD) 2 . Comparing the flexibility of the complexes, we find that the D-box region is most rigid in GREH-GRDBD gsv (0.8 Å 2 ). This region becomes somewhat more flexible in GREH-GRDBD ggv , EREH-GRDBD ggv and EREH-GRDBD ega (1.0 Å 2 in the three structures), whereas the highest flexibility of the D-box region is found for EREH-GRDBD gsv (1.2 Å 2 ). In the distorted helix II , we observe the same flexibility (0.6-0.7 Å 2 ) in all complexes but EREH-GRDBD ega , where the fluctuation increases to 0.8 Å 2 . Helix II is most stable in the two GREH complexes, with a rather strong hydrogen bond between Ile487-O and Arg489-N. This hydrogen bond is weakened in EREH-GRDBD gsv and is completely broken in both EREH-GRDBD ggv and EREH-GRDBD ega .
Structural and dynamic differences in the free GRDBDs
The largest discrepancy comparing GRDBD gsv , GRDBD ggv and GRDBD ega is found in helix I , which is somewhat distorted in GRDBD ega and which in GRDBD ggv has adopted a conformation very similar to that found for GRDBD gsv in complex with EREH [see Figure 3 top (green)]. Apart from this, the structures are very similar, as indicated by the low r.m.s.d. values of GRDBD ggv and GRDBD ega from GRDBD gsv , respectively ( Figure 11 ). The conformation of the D-box also remains virtually the same in the three GRDBDs (Figure 3, bottom) . A limited and uniform flexibility is also observed here, with an average of 0.8 Å 2 for GRDBD gsv , whereas the flexibility decreases to 0.6 Å 2 (on average) for GRDBD ggv and GRDBD ega . In the two latter GRDBDs, we no longer observe the slightly increased flexibility in the D-box region, as can be seen in GRDBD gsv . Neither of these three structures have the same orientation as the D-box, as was found in the refined NMR solution structure of wild-type GRDBD (Baumann et al., 1993) . The orientation of the D-box in the solution structure differs from that of the crystal structure (Luisi et al., 1991) , whereas it remains the same as in the crystal structure in our simulations. We will discuss possible reasons for this discrepancy below (see Discussion).
Discussion
The Ser459Gly mutation affects the position of residues from different subdomains of the protein. The D-box changes its position as a result of displacements of several residues in the Zn I -region (in particular Asp445), Lys486 and Arg489 in helix II and possibly also Arg496 in helix III (see Figure 6 ). This appears to be a consequence of the removed side chain of residue 459, which pulls Lys486 towards DNA through its strong hydrogen bonding to Asp445 and causes a displacement and weakening of helix II with a concomitant change of the Dbox orientation. We note that the displacement of the D-box region away from the ext I -region (Figure 3 , middle, left) is proportional to the displacement of the above mentioned residues (i.e. GREH-GRDBD gsv µ EREH-GRDBD gsv Ͻ GREH-GRDBD ggv Ͻ EREH-GRDBD ggv Ͻ EREH-GRDBD ega ). Helix II is also destabilized in complexes where the residues in the vicinity of residue 459 have moved, in particular in EREH-GRDBD ggv and EREH-GRDBD ega . We previously found a more pronounced difference in the backbone orientation of the D-box residues, comparing EREH-GRDBD gsv with GREH-GRDBD gsv . Since we used a much smaller water sphere in the previous work (a radius of 19 Å, compared with 30 Å here), the residues of the D-box were outside the sphere and thus in an artificial environment , which probably accounts for the discrepancy. The two half-site protein-DNA interfaces from the crystal structure of ERE-(GRDBD ega ) 2 (Xu et al., 1993) are slightly different at base pairs 6 and 7. In one of the half-sites, Lys465 interacts with the DNA backbone as we found, whereas in the other half-site Lys465 interacts base-specifically with G6-N 7 . Glu458 also forms interactions with DNA in both half-sites (Xu et al., 1993) , very similar to what we found here. The major discrepancy, comparing our simulated EREH-GRDBD ega and the crystal structure of ERE-(GRDBD ega ) 2 (Xu et al., 1993) concerns the interaction between Arg466 and 597 the DNA. In the crystal structure, Arg466 interacts with DNA as in ERE-(ERDBD) 2 whereas we found the same interactions as in GRE s4 -(GRDBD gsv ) 2 (Luisi et al., 1991 ) (see Figure 2) . In this context, it is interesting to note that in a 1.3 ns MD-simulation of EREH-ERDBD (Eriksson,M.A.L. and Nilsson,L., submitted) , starting from one half-site of the ERE-(ERDBD) 2 complex , the conformation and DNA interaction of Arg466 rearranges to that in GRDBD-GREH. In contrast, Arg466 remains in the same, initial position in a 500 ps simulation of ERE-(ERDBD) 2 (Eriksson,M.A.L. and Nilsson,L., submitted) . It might therefore be possible that the interactions between Arg466 and DNA, as in the two ERE crystal structures, are formed as a consequence of the dimeric binding.
We also found small differences in flexibility of the Zn IIregion, comparing the different complexes, and GRDBD gsv -GREH was found to have the least flexible Zn II -region. This can be related to NMR experiments of free GRDBD ega (Berglund et al., 1997) , where a large number of NMR parameters were compared with the corresponding for GRDBD gsv . The overall structure of GRDBD ega was found to be very similar to GRDBD gsv , with a possibly less well-defined helix II in the triple mutated GRDBD ega . The NMR data also suggested the presence of a slow dynamic process in the Zn IIregion of GRDBD ega , possibly with several slowly interconverting folded conformations (Berglund et al., 1997) . In free ERDBD, the Zn II -region appears to be even less well-defined, as judged from NMR-spectra recorded at high temperatures (Schwabe et al., 1990) .
The dimeric interface (where the D-box is central) of ERE-(GRDBD ega ) 2 (Xu et al., 1993) was found to be identical to that of GRE S4 -(GRDBD gsv ) 2 (Luisi et al., 1991) . Thus, according to our results, the mechanism of forming the dimeric interface should be slightly different in the complexes. The changes in the D-box orientation and the small changes in flexibility that we observe, should affect the cooperativity of dimeric GRDBDbinding to the palindromic response elements. This is consistent with quantitative estimations of association constants and cooperativity parameters from fluorescence spectroscopy (Lundbäck et al., 1994) , where different cooperativity parameters were estimated for different response elements in complex with the wild-type GRDBD and the GRDBD ega mutant. According to these experiments, a slightly weaker half-site complex was formed between GRDBD ega -EREH than between GRDBD gsv -GREH. Since the cooperativity of forming (GRDBD ega ) 2 -ERE is about 10-fold increased compared with (GRDBD gsv ) 2 -GRE, these two dimeric complexes bind with equal affinity (Lundbäck et al., 1994) . A direct comparison of differences in protein-DNA interaction energies with the relative stability of the two half-site complexes is not adequate, since many other factors contribute. These include differences in desolvation energies for the protein and DNA, different 598 number of immobilized water molecules at the interface and different changes in protein/DNA flexibility upon binding [see, for example, (Record et al., 1991) and references therein]. The differences in protein-DNA interaction energies that we observe are also relatively small compared to the fluctuations and their magnitude. We do however observe a significantly lower protein-DNA interaction energy for GRDBD ega -EREH compared with GRDBD ggv -EREH, which is due to the lost protein-DNA contacts, predominately at the Zn II -region, and which might contribute to the differences in cooperativity.
More qualitative in vivo transactivation assays (Zilliacus et al., 1991 (Zilliacus et al., , 1992 showed that a serine compared with a glycine at position 459 decreases the affinity to both GRE and ERE. In the context of GRDBD ega , the Gly459Ser mutation decreases the affinity to both response elements, but to a much greater degree to ERE than to GRE (Zilliacus et al., 1991 (Zilliacus et al., , 1992 . This might be correlated with that the structures of GREH-GRDBD gsv and GREH-GRDBD ggv are more similar to each other than when the respective GRDBDs are bound to EREH. The central question is why more pronounced structural changes occur in GRDBD when bound to EREH compared with GREH, as a consequence of the Ser459Gly mutation. A displacement of the residues Cys457 and Asp445 closer to the empty space where the side chain of Ser459 was positioned or closer to DNA, is possible only if the whole Zn I -region moves, since this region moves in a very concerted manner . When TA5 (GREH) changes to AT5 (EREH), more space is locally created between the protein and DNA, because the bulky methyl group of AT5 is positioned at the other side of the DNA major groove. This allows for a displacement of Gly458, which is very close to the TA5 methyl group (see Figure 12) , towards the DNA. In turn, this allows the whole Zn I -region to move closer to the DNA, which enables the new contacts formed by Asp445 and Lys486 in GRDBD ggv -EREH. A corresponding change in GRDBD ggv -GREH cannot take place due to the steric hindrance of the TA5 methyl group; Gly458 is spatially more fixed and thus also the surrounding residues in the Zn I -region through its concerted motion. Thus, GREH-GRDBD is not able to structurally respond to the Ser459Gly mutation to the same extent as EREH-GRDBD. It should however be noted that the transactivation assays (Zilliacus et al., 1992 were performed on the palindromic response elements, and the cooperativity of GRDBD binding is thus included in these measurements. Because of this, we cannot make any definite statements of the relation between structural changes and relative half-site complex affinity for the Ser459Gly mutation.
When removing the side chain of residue 459 a cavity is created, which is readily exposed to the solvent in the free GRDBDs and to a lesser extent in the half-site DNA complexes through the bridging water molecules in the networks described above. However, in none of the free GRDBDs or in the DNAbound GRDBDs we observe an extra water molecule which is positioned in this cavity. On the contrary, the hydration pattern in the vicinity of the cavity is very similar in all simulated systems. Instead of accommodating an extra water molecule, neighboring bridging water molecules as well as side chains in the vicinity of the cavity are moving towards the cavity to fill it. The bridging waters in the vicinity of the cavity are replaced several times in the simulations of the free GRDBDs. For example, the bridging position between Asp445 and Arg489 in free GRDBD ggv is occupied by six different water molecules during 300 ps. Therefore, there should be several opportunities for a surrounding water to occupy the cavity, which apparently did not occur. Moreover, when constructing GRDBD ega , free, as well as EREH-bound (see Materials and methods), new water molecules were added in positions were they could be accommodated. Still, we found no extra water in this cavity in free or DNA-bound GRDBD ega . We can also compare with the crystal structure of GRE s0 -(E/ TR GR ) (Gewirth and Sigler, 1995) , which is a dimer of GRDBD ega where also the D-box residues have been mutated to those of the thyroid receptor DBD. The dimer is in complex with two hexameric half-sites GREH without any spacing DNA between the half-sites. No extra water molecule was reported in this structure, instead the bridging water between Asp445 and Arg489 had moved closer to the Glu459 backbone to also form a hydrogen bond with Glu459-N.
According to our present simulations, the mutations of the P-box residues do not in themselves produce changed orientations of the D-boxes, since they were found to be 599 virtually identical for the free GRDBDs. However, in the NMR solution structure (Baumann et al., 1993) , the average plane formed by the residues in the D-box differs by an angle of 90°from that of the crystal structure (Luisi et al., 1991) . A plausible reason why a conformational change of the D-box towards that of the solution structure did not occur in the 500 ps simulation of GRDBD gsv is that the change might occur on a larger time-scale than in the simulation. The energy barrier for changing the D-box conformation might thus be too high to be overcome during the simulation. The treatment of the zinc ions as formal atoms in the simulations with the cysteine sulfurs covalently attached to the zinc [for a detailed description of the parameterization of the zinc and coordinating cysteine sulfurs, see ], could possibly also affect the energy barrier for a conformational change of the D-box, since one zinc ion is close to the D-box residues (Figure 3, bottom) . Recent results from the NMR solution structure of GRDBD gav (van Tilborg,M., Lefstin,J., Kruiskamp,M., Teuben, J.M., Boelens,R., Yamamoto,K. and Kaptein,R., manuscript in preparation), where Ser459 has been mutated to an alanine, show that the orientation of the D-box in this mutated form is very close to those in the GRE S4 -(GRDBD) 2 crystal structure (Luisi et al., 1991) . This shows that the D-box orientation of free GRDBD depends on the Pbox residues, since the D-box orientation of GRDBD gav differs from that of wild-type (Baumann et al., 1993) . Our results reveal a further, P-box residue dependent change in the D-box orientation when GRDBD docks to DNA. Similarly, the slightly increased dynamics in the Zn II -region in GRDBD ega compared with GRDBD gsv (Berglund et al., 1997) , could not be revealed in our simulations of the free GRDBDs. The increased dynamics was too slow to be seen as changes in 15 N relaxation rates, and could only be revealed from parameters, sensitive to protein motions on a longer time scale, such as differences in amide proton exchange rates (Berglund et al., 1997) . It is therefore not surprising that we were unable to reveal any significant changes in structure and dynamics between the free GRDBDs, considering the limited length of our simulations. The changes we see in the D-box of the mutant GRDBDs are only observed in the simulations when the proteins are bound to DNA. It is thus rather tempting to think that the presence of the DNA, whether by specific interactions with the protein or by a more general influence, such as its electrostatic field, has lowered such barriers and made the conformational changes visible also in MD simulations of limited duration.
